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Abstract

Experimental data are used in theoretical models to study the effects of input

voltage and gas flow rate on plasma and background gas parameters in a

voltage range where the transition from nondischarge to full‐discharge
happens. To this end, a specific methane‐fed dielectric barrier discharge is

used as a plasma reactor, and electrical modeling, the Boltzmann equation

method, and emission spec-

trum analysis are employed to

calculate plasma parameters

and gas heating. The output

of this study proves that a

uniform plasma with a con-

trollable background gas heat-

ing is achievable by the adjust-

ment of input parameters such

as voltage and gas flow rate in

a well‐designed dielectric bar-

rier discharge.
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1 | INTRODUCTION

The strength of the C–H bond (434 kJ mol−1) renders a
significant threshold to overcome and has made methane
conversion to value‐added chemicals and targeted fuels a
challenge of the last century[1,2]. The chemical technol-
ogies developed in recent years for converting CH4

include high‐temperature catalytic processing, including
oxidative coupling of methane and direct conversion of
methane to heavier hydrocarbons like ethylene and
acetylene[3,4]. The use of nonthermal plasma technolo-
gies is an alternative route to tackle the barriers in CH4

activation and conversion; as such plasma technology
has recently generated increased interest for gas
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processing[5]. Among many procedures and sources to
generate nonthermal plasmas, dielectric barrier dis-
charge (DBD) in comparison to the other systems is
useful because of considerably high specific power
density, low gas consumption, and strong potential for
upscaling[6]. DBDs can operate at atmospheric pressure,
which is most suitable for practical applications[7]. Also,
they are merged easily with catalytic packing materials,
which opens new practical windows for the selective
production of value‐added compounds[8]. In DBDs, when
size of electrodes decreases the local electric field near
them enhances. This local high electric field facilitates
field emission of electrons and it increases secondary
electron emission because of the accelerated ions. Also,
the high reduced electric field creates a reactive
atmosphere because electrons accelerate and collide
energetically with other species, creating more reactive
species. A high reduced electric field in a DBD generates
high densities of charged particles at low values of
specific deposited energy, which leads to higher energy
efficiencies. In a conventional DBD system, the gas
breakdown voltage is governed by Paschen's law which
accounts for Townsend processes (electron impact
ionization in the bulk of the plasma and secondary
electron emission from the cathode)[9]. However, in DBD
system with electrodes having length scale of micro-
meters, field emission at the cathode can provide a
significant source of electrons for ignition and suste-
nance of the plasma, leading to the reduction of the
breakdown voltage and the formation of a self‐sustained
field emission‐driven microdischarge[10–12].

Plasma diagnostics techniques give information about
the properties of a plasma[13]. These techniques can
considerably contribute toward the optimization of gas
conversion[14–18]. Electrical probes are the most accurate
instruments to determine plasma power and obtain an
in‐depth understanding of the electrical properties of the
discharge[19–21]. For instance, the average gap voltage can
be determined with great accuracy using electrical
diagnostics, combined with a suitable equivalent circuit
model[22–24]. The ignition voltage determines the
(reduced) electric field within the DBD plasma and is a
key parameter for understanding the physics of plasma.
The estimated reduced electric field can be used in the
Boltzmann equation to determine the electron energy
and electron density. Spectroscopic procedures for
plasma diagnostics with the least perturbation study
the emitted, absorbed, or dispersed radiation of plasma
for the evolution of the plasma parameters and chemis-
try. Among the spectroscopic diagnosis of the gas phase,
optical emission spectroscopy (OES) is very attractive
because it is a noninvasive, in situ, easily implemented
method, which is highly sensitive and easily

space‐resolved. By using this method, parameters such
as the excitation temperature, electron temperature, and
electron density (based on the Stark broadening of
atomic emission lines) can be determined[25]. Also, it
provides an estimation of the vibrational temperature of
species and background gas temperature based on the
rotational branch of spectral lines and information
relating to the plasma chemistry and substances present
in the plasma[26]. Optical emission diagnosis of methane
plasma has intensively been investigated in the litera-
ture[27–31]. Bai et al. studied the reaction mechanism in
nonthermal plasma‐assisted methane conversion per-
formed by different sources[27]. They built a relationship
between the relative optical emission intensity of free
radicals and the distribution of key products, via both
experimental measurement and reaction kinetics model-
ing. They found that the intensity ratio of ∕C CH2 ,
strongly dependent on the gas temperature, can be an
important factor for the relative concentration of hydro-
carbon products over a broad range of operating
parameters. By the emission spectroscopy, Kado et al.
reported that methane was highly dissociated to atomic
carbon and hydrogen in spark discharge[29]. The gas
temperature in the spark discharge channel was as low as
420–460 K, calculated by the Boltzmann plot method of
CH rotational band (431 nm). Akintola et al. analyzed
∕N CH2 4 plasma by using OES and investigated products

formed to characterize the effects of varying plasma
parameters on product formation[31]. This was done by
determining relevant thermodynamic information such
as electron density, vibrational, and rotational tempera-
tures, as well as comparing the presence of key plasma
species (C–N, C–H) to relevant products formed during
nitrogen–methane coupling in plasma‐alone and plasma
catalytic reactions.

Although OES diagnostics and electrical measuring
have been extensively reported in DBDs and especially
for methane plasma in the literature, there is no research
work that attempts to use data of OES and electrical
probes to investigate effects of changing gas flow rate and
voltage on background gas heating and plasma parame-
ters. Therefore, this study is devoted to investigating the
change of gas temperature, electric field, electron energy,
and electron density resulting from the gas flow rate and
applied voltage variations. This study considers a voltage
range where transition form nondischarge to fully
discharge operations happens. Also, a specific methane‐
fed DBD is used as plasma reactor and electrical
modeling, Boltzmann equation method, and emission
spectrum analysis are employed to calculate plasma
parameters and gas heating. The paper is structured as
follows: the next section describes the experimental setup
and configuration of the reactor and explains the
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electrical model, the results are discussed in Section 3,
and finally, the last section gives a brief statement and
conclusion of the paper.

2 | REACTOR STRUCTURE AND
EXPERIMENTAL SETUP

A photograph of the DBD used in this study is
presented in Figure 1. A quartz tube with dielectric
constant 3.7 and inner and outer diameters of 3 and
5 mm, respectively was used as a dielectric barrier and
container of discharge. The high voltage electrode was
a copper spring with length 100 mm, outer diameter of
3 mm, wire thickness of 0.35 mm, and pitch of 5 mm.
The ground electrode was aluminum foil tightly
wrapped around the quartz tube with a length of
55 mm, it contained a rectangular optical window with
a size of 2 mm × 7 mm.

A schematic diagram of the experimental setup is
presented in Figure 2, where the DBD was electrically
powered by a G2000 High Voltage Plasma Generator
(Redline Technologies). Sinusoidal wave voltages with a
fixed frequency of 72 kHz and with different amplitudes
were applied to the reactor. The reactor was fed with
pure methane gas, whose flow was adjusted with a
Bronkhorst mass flow controller. The applied voltage was
measured with a 1000X High Voltage Probe (Tektronix
P6015A), while a Rogowski coil (Pearson 6600) was used
to measure the total current. An external capacitor
(10 nF) was installed in the ground line to monitor the
generated electric charges (Q) in the plasma. In addition,
all electrical signals were recorded by PC oscilloscope
(PicoScope 3000 Series, Picotech). The light emitted from
the reactor was directly detected using an optical fiber
positioned perpendicular to and placed 5mm away from
the reactor. A Princeton Instruments FERGIE Fiber
Optic Spectrometer (FER‐SCI‐1024BX‐UR) was used to
record the emission spectra of the generated plasmas.
This spectrometer is fitted with an integrated, deep
cooled ( ∘−55 C absolute), back‐illuminated 1024 × 256

CCD array for ultra‐low noise with a grating of
1200 lines/mm and a 25mm slit to give coverage over
the range 200–1100 nm with ≃0.26 nm resolution. The
gaseous products were analyzed online using a two‐
channel gas chromatograph (i.e., SHIMADZU 2010 Pro)
with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Two columns Rt‐QS‐BOND
(RESTEC) and SH‐Msieve 5A (SHIMADZU) were used
for gases detection. The pressure and temperature of fed
methane gas were fixed at ambient conditions. MethaneFIGURE 1 DBD structure

FIGURE 2 Schematic layout of the experimental setup
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conversion is determined by gas chromatography (GC).
GC was calibrated for methane and other product gases
with different concentrations. When GC run it captures a
definite volume of outlet mixture gas and determines the
concentration of each species inside the mixture through
calibration curves.

3 | RESULTS AND MODELING

This section presents the results of electrical modeling
and measurements of the methane DBD as well as the
results of OES diagnostics and analysis. The effects of
applied voltage amplitude and gas flow on plasma
parameters such as electron density, electron energy,
electric field, electric charge, and background gas heating
and conversion are discussed in this section.

3.1 | Electrical model and calculation of
plasma parameters

Figure 3 is a schematic electrical diagram of the DBD in
the experimental setup; the dashed rectangle represents
the DBD reactor. C C,g b, and Cm are, respectively, gap
capacitance, dielectric barrier capacitance, and external
monitoring capacitance. Voltages across the plasma gap,
dielectric barrier, and monitoring capacitor are denoted
by V V,p b, and Vm, respectively. The net measured electric
current is a combination of the displacement current (Ig)
passing through the gap and plasma current (Ip) which is
established when plasma is formed. The displacement
current becomes zero when the plasma fills all gaps and
the cell behaves as a conductor with a defined imped-
ance. In a DBD both currents exist simultaneously
because the gap area includes some nondischarge regions
and the electrode area is split into nondischarging and
discharging areas[32]. Having defined the above parame-
ters, Kirchhoff's circuit laws (voltage and current laws)
can be applied to the circuit to calculate plasma voltage
and plasma current:
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where Vs is the total voltage, measured as the output of
the power supply connected to the high voltage electrode.
The power consumed for plasma formation and dis-
charge is equal to the output power of the plasma
generator and can be calculated by:
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Notice the power consumed in a capacitor during an AC
voltage period is zero. Having calculated Ip and Vp, one
can also provide an estimation of the electric field,
electron density, and electron energy. With having Vp

and measured electrical charge the electric field in gap
discharge Eg is determined by solving Poisson's equation
in COMSOL Software. The reduced electric field is
calculated by electric field and density of background gas
in ambient condition. The relationship for the electron
density is estimated as:

n κ
I

eA E μ
= ,e

e

p

in g
(4)

where e is elementary electric charge, Ain is the inner
surface area of the dielectric barrier, and κ is the ratio of
the electron current in the total electric current, set at 0.5
because the electron–ion pairs are formed by electron
collision ionization and they have the same participation
in plasma current. For the calculation of electron
mobility, μe, and electron energy we used BOLSING+
software[33] (see http://www.lxcat.laplace.univ-tlse.fr for
a website to access BOLSIG+) which is a free software
for the numerical solution of the Boltzmann equation for
electrons in weakly ionized gases). The website also
includes electron‐impact cross‐sections of the different
commonly used gases in plasma processing. This soft-
ware calculates the transport coefficient, the rate
constant and electron mean energy for each value of
E/N from collision cross‐section data by solving the

FIGURE 3 Equivalent electrical circuit diagram of the
experimental setup; the dashed rectangle represents the DBD
reactor.
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electron Boltzmann equation (two‐term approximation).
It means that cross‐section data for each reaction must be
inserted as an input parameter. Also, the gas temperature
must initially be fixed. All cross‐section data and reaction
considered here for methane plasma are the same as data
used in our previous works[34,35]. Determining the Cb is
straightforward and it is given by:

∕
C

πε ε l

r r
=

2

ln( )
,b

0 b

out in
(5)

which for a relative dielectric permittivity of 3.7 gives
C = 22.13b pF. l is the length of the discharge region
(same as ground electrode length), ε0 is the permittivity
in the vacuum, and rin and rout are the inner and outer
radii of the barrier respectively. Unlike Cb, the calcula-
tion of Cg is not easy because of the complex shape of the
inner electrode. However, we know that Ccell obeys:

C C C

1
=

1
+

1
,

cell g b
(6)

so through the determination of Ccell the Cg is obtained.
The equivalent capacity of the cell can be extracted from
the charge versus voltage plot (Lissajous figure). The
Lissajous plots for different applied voltages are pre-
sented in Figure 4, where the slope of the top and bottom
lines give Ccell . Additionally, the slopes of the right and
left sides (which correspond to plasma on‐times) indicate
the effective capacitance of discharge ( ≤ ≤C C Ccell eff b)
which equals Cb when the gap is completely filled with
plasma (homogenous plasma free of nondischarge
zones). In Figure 4 Lissajous plots have been obtained
for discharges created with voltages having three
different peak‐to‐peak amplitudes. It also presents the
Q–V plot for dielectric barrier capacitance (C = 22.13b pF).
It can be seen from the figure that bottom and top lines of
all Lissajous plots, whose slopes present the Ccell, are the

same as expected, and they give a value of 6 pF for Ccell.
Having determined the net capacitance of cell, the
discharge gap capacitance (Cg) can be determined based
on Equation (6), resulting in C = 8.23g pF. As mentioned
before, the slope of left and right lines of the Lissajous
plots indicates the effective capacitance that only equals
Cb when the reactor gap is completely discharged.
Comparing the slopes of these lines with Cb reveals that
with increasing the voltage amplitude, the effective
capacitance tends toward the barrier capacitance. For
the plot showing a peak‐to‐peak voltage 6050 V, the slope
of these lines are same as the slope of the Q–V plot for Cb,
which implies that the DBD is fully discharged and
plasma fills all zones in the gap (uniform plasma) for this
applied voltage.

Given the values of C C,b g , and Cm , Equations (1) and
(2) can be solved with measured profiles I V,m m, and Vs

to calculate the plasma voltage, plasma current, and
other plasma parameters, as shown in Figure 5, where
time evolution of the parameters are illustrated at
V = 5692pp V and gas flow 50ml/min. Figure 5A com-
pares the measured voltages Vm and Vs with calculated
voltages Vp and Vb . Notice that the Vm value is in the
range of volts while three other voltages are in the kV
range. This is because most of the voltage drop occurs
within the reactor and only a small amount of applied
voltage reaches the monitoring capacitor. The relation
V V V V= + +s p b m is well‐established, as expected. The
current profiles in Figure 5b reveal that there is a phase
difference between net current and both plasma current
and gap current. The sum of the two branch currents
equals the net measured current. The maximum value of
both branch currents is smaller than the maximum value
of net current, implying that for the duration of plasma
ignition, the displacement current (Ig) is not zero and
there are some nondischarged zones on the surface of the
electrodes which behave as small capacitors and establish
a displacement current. Figure 5c,d illustrate the reduced
electric field ( ∕E Ng ), electron energy (εe), total electric
charge (Q), and electron density (ne) profiles. They
indicate that during a voltage period there are two gas
breakdowns, one of which is stronger than the other.
When the reduced electric field is higher the electron
density is low and vice versa, because the higher reduced
electric field is achieved when there is less electric charge
inside the gap to shield the background electric field of
the electrode.

Figure 6 shows the effect of voltage amplitude
variation on plasma parameters such as power consump-
tion, the reduced electric field in the gap, electron energy,
and electron density. According to the figure, an increase
in voltage amplitude leads to an increase in power
consumption and electron density. The increase in power

FIGURE 4 Lissajous plots at three different applied voltages
compared with C = 22.13pFb . Gas flow and voltage frequency are
fixed at 50ml/min and 72 kHz, respectively.
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and electron density for different voltage ranges is not the
same; at higher voltages a small increase in voltage leads
to a significant increase in power and electron density,
while in a lower voltage range they are not significantly
affected by a change in voltage. Unlike the electron
density and power consumption, which increase contin-
uously with an increasing applied voltage amplitude,
electron energy and electric field peak at ≃V 5.65pp kV.
Electron energy and electric field increase with an
increase in voltage from 4.8 to 5.65 kV, however, they
experience a decrease in value when the voltage

increases over the range from 5.65 to 6 kV. By more
increasing applied voltage the density of charged species
(electron and ions) increases due to high rate of
ionization. When density of charged species is enough
high the plasma sheath formation and charge accumula-
tion effect near electrodes are established. Plasma sheath
and charge accumulation attenuate intensity of the
background electric field of electrodes. Therefore, net
electric field of discharge gap will be smaller than
background field of electrodes. In higher voltages
the charge accumulation near electrodes is more
stronger and it attenuates the background electric field
more vigorously. Therefore, increase of voltage from
V = 5.6kVpp decreases the net electric field of discharge
gap. This decrease in electric field by increasing
the applied voltage in high voltages continues until the
background electric field of electrodes becomes more
bigger than the electric field of the sheath. In the case of
electron energy, it is dependent to electric field and is
determined by the Boltzmann equation, so it shows the
same behavior as the electric field shows.

3.2 | The gas heating and conversion

OES was applied to determine which active species were
formed in the methane DBD. Figure 7 presents the
emission spectrum of pure methane for applied voltage
V = 5692pp V and flow rate 50ml/min. The detailed
emission lines of main species are listed in Table 1.

Even though the detailed chemical or electrical
processes are unknown, the rotational temperature has

(c)(a)

(d)(b)

FIGURE 5 Measured and calculated plasma parameters forV = 5692pp V and gas flow 50ml/min. The volatges (a), the electric currents
(b), the electron energy and the electric field (c), and the elelectric charge and the electron number density (d).

FIGURE 6 The effect of voltage on power consumption,
reduced electric field, electron energy, and electron density,
averaged over one voltage period at gas flow 50ml/min.
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often been a reference to estimate the gas temperature in
a corresponding emission region[36]. The gas tempera-
ture, Tg, of heavy species can be deduced from the
rotational temperature, Trot, due to the strong coupling
between translational and rotational energy states.
Rotational temperature can be determined from the
relative intensity ratio of the R line of the CH spectrum.
The background spectrum must be substituted before
measuring the relative intensity of R branches. Tempera-
ture determination based on the CH band due to

→ A XΔ2 2 (431.5 nm) has been discussed for DBD in
Nozaki et al.[26]. A more detailed analysis of the
rotational fine structure of this transition band present-
ing R lines is shown in Figure 7b, where excited

rotational lines were observed up to R(7), indicating that
the gas temperature could be limited under 1000 K.
Because a high‐temperature heat source is required to
excite to higher rotational levels, it is almost impossible
to attain such high temperatures in practical DBD
applications. The calculation of the rotational tempera-
ture from the rotational fine structure is well known. The
Boltzmann plot method can be applied for plasmas in
thermodynamic equilibrium, but also in less restrictive
conditions, if the pressure is sufficiently high to establish
thermal equilibration of the state populations, when the
radiative decay probability of considered excited state is
smaller than the collision rate of the molecules. In this
condition, the rotational temperature obtained from the
Boltzmann plot using rotational energy of the upper state
levels can be considered to be equal with gas tempera-
ture. For low‐pressure plasmas, the collisional relaxation
is not sufficient to ensure the redistribution of the
population levels before radiation. In this case, under the
assumption of direct electronic excitation, the popula-
tions of the rotational levels of the excited state under
consideration are proportional to the populations of the
corresponding levels of the ground state from which the
electronic excitation emanates, and the gas temperature
is obtained from the Boltzmann plot using the rotational
energies of the levels in the ground state[37]. With IUL

being the spontaneous emission intensity of a single
spectrum line of wavenumber ν, we have:

∝






I S ν

E hc

k T
exp − U

B
UL UL UL

4

rot
(7)

where subscripts L and U, respectively are the quantum
numbers of the rotational levels in the lower and upper
electronic states. The statistical weight SUL denotes the
line strength, and reflects the transition probability, EU is
a rotational term in the upper electronic state, kB is the
Boltzmann constant, h is Planck's constant, c is the
velocity of light, and Trot denotes the rotational tempera-
ture. The above equation can be as:

∝
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The intensity, IUL, and wavenumber, ν, were experimen-
tally obtained, while the rotational term, EU , and
intensity factor, SUL, were obtained from given formulae
with careful consideration[26]. The logarithmic plot of

( ( )ln
I

S ν

UL

UL UL
4 ) against ( ∕E hc kU B ) yields a straight line

when local thermal equilibrium for excited CH is
established; the rotational temperature can be deter-
mined from the given slope. By using this approach we

(a)

(b)

FIGURE 7 Optical emission spectrum of methane DBD at
V = 5692pp V and gas flow 50ml/min for spectral range from 300 to
700 nm (a) and 420 to 440 nm (b).

TABLE 1 Spectroscopic features of the main species observed
in CH4 plasma

Species Transition ϑΔ

Wavelength
(nm)

CH(C–X) → C X2 + 2 0 314.3

CH(B–X) → B X2 2 0 388.9

CH(A–X) → A XΔ2 2 0 431.5

Hβ Balmer →n = 4 2 – 486.1

Hα Balmer →n = 3 2 – 656.3

C2 Swan → d ag u
3 3 0 516.2

C2 Swan → d ag u
3 3 −1 563.2

H2 Fulcher → d au g
3 − 3 + 0 628.2
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calculated the gas temperature for different voltage
amplitudes and flow rates. Figure 8 presents the effects
of gas flow rate and voltage on gas heating.

Figure 8 provides information on background gas
heating in the methane DBD and illustrates how gas
flow and applied voltage can change the background
gas temperature. According to Figure 8a, minimum gas
heating occurs at a flow rate of 75 ml/min with a
resulting gas temperature of 504 K. An increase in
flow rate from 20 to 75 ml/min decreases the gas
temperature ≃30 K, while for flow rates of more than
75 ml/min the gas temperature is approximately
constant with a value of ≃520 K. According to
Bernoulli's Principle, an increase in the speed of fluid
(gas flow) leads to a decrease in pressure. In constant
total input energy, a decrease in pressure increases
delivered energy density, leading to more heating of
the gas. On the other hand, an increase in flow results
in a decrease in residence time which means the
background gas spends less time inside the plasma
region (reactor), leading to less heating of the gas.
These two opposite effects determine how gas temper-
ature changes by the gas flow. Therefore, the gas
temperature shows a nonlinear behavior by gas flow
and a minimum temperature can happen in a typical
flux, which in our work happens in flow = 75 ml/min.
Figure 8b shows that at lower voltages the background
gas is heated more, and with an increase in voltage
amplitude the temperature of background gas
decreases. Gas temperature fall with the increase of
voltage is stronger at lower voltages, while at higher

voltages an increase in voltage does not change the gas
temperature significantly and it remains stable. This
implies that at higher voltages, a greater proportion of
the input energy is used for ionization processes than
is used in gas heating, which is confirmed by Figure 6
where the electron density increased with increasing
voltage. If we assume that the temperature distribution
in plasma region is uniform, its evolution at a constant
background gas flow (constant gas velocity) is gov-
erned by following simplified energy equation:

∂

∂

→
⋅
→ C T

t
j E S H

ρ
= − Δ ,

i
i

i

i i
p

(9)

where first term accounts for joule heating due to
acceleration of ions in the electrostatic field having
current density ji and HΔ i is the heat of formation for
reaction i having source function Si . In voltage range
considered here, from minimum voltage required for
plasma ignition to voltage that full discharge happen,
second term become bigger than first term by increase of
input voltage. Because any extra input energy (by voltage
increase) is delivered to inelastic reaction channels like
ionization and dissociation, and other inelastic collisions.
Therefore, the gas temperature decrease by increasing
input voltage in the range considered here, as can be seen
from Figure 8b.

Finally, Figure 9 represents conversion of methane
gases for different gas flow rates and different input
voltages. Where the conversion is calculated by the
following equation:

(a)

(b)

FIGURE 8 Background gas temperature as a function of gas
flow (a) and voltage (b)

(a)

(b)

FIGURE 9 Methane gas conversion as a function of gas flow
(a) and voltage (b).
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X (%) =
Moles of CH converted

Moles of CH input
× 100.CH

4

4
4

(10)

The figure shows that the conversion of background gases
increases by increasing voltage while increase of input
flow rate decreases it. Increasing input voltage increases
the plasma power (see Figure 6), and it in turn enhances
the energy delivered to the plasma, so dissociation and
ionization reactions receive more energy, leading to higher
conversion rate. With increase of gas input flow rate the
resident time decreases, so background gas molecules
spend less time in plasma discharge region and inside
reactor and some molecules leave the reactor without any
interaction with plasma species. This explains why an
increase in input gas flow rate decreases the conversion.

4 | CONCLUSIONS

The electrical modeling, Boltzmann equation solver,
optical emission analysis were used to investigate the
effects of changeling the voltage and flow rate on plasma
and gas parameters. A methane‐fed DBD operant form
nondischarge to full‐discharge modes was employed for
this study. First, the capacitance of the discharge gap and
cell were determined. The plasma current and plasma
voltages were calculated by electrical modeling. They were
used to specify the electron density, electric field,
consumed power, and electron energy by solving the
Boltzmann equation. The gas temperature was deter-
mined by the Boltzmann plot approach, by considering
the spectral lines of CH(A–X) species. Results showed that
a uniform plasma with tunable gas temperature and
plasma parameters is achievable in the DBD, which is a
key factor in gas conversion applications. The fully
discharge mode happened when the amplitude of applied
voltage was more higher than breakdown voltage. In this
mode, the estimated gas temperature was in minimum
value, compared with lower voltage conditions. This
uniform plasma is achieved by tuning applied voltage,
gas flow, and reactor characteristics. This DBD, which
creates a uniform plasma, in synergy with catalytic
materials, which requires controllable heating, has the
potential to show good performance in methane gas
conversion. Therefore, as an outlook for the next work, we
will investigate methane conversion in our DBD, whose
inner wall will be coated with photocatalytic materials.
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